Crystallographic texture is a well-known microstructural feature influencing the formability of magnesium alloys. However, the effects of individual texture characteristics common after thermomechanical processing have not been isolated due to the experimental challenge associated with varying them independently. Similarly, the effect of the propensity for twinning on formability, which both accommodates deformation and reorients the crystal, have not been systematically studied. This study uses synthetic sheet textures in conjunction with a viscoplastic self-consistent (VPSC) polycrystal plasticity model to predict deformation and formability behavior. The VPSC model was first parameterized based on experimental mechanical data and textures from fine-grained thixomolded and thermomechanically processed AZ61L.
Introduction
The commercial adoption of wrought magnesium alloys has been limited, largely because conventional magnesium alloys have limited formability at room temperature. Formability in these materials is dictated by a complex array of factors, including grain size, second phase particle distribution, and alloy composition.
However, the dominant factor in many cases is crystallographic texture [1] . Magnesium alloys typically develop strong basal deformation textures, with the c-axes of individual grains aligning approximately parallel to the sheet normal direction in rolled material [2] . This texture is the result of the relative ease of slip on the basal system in comparison to the prismatic and pyramidal slip systems, and its development is further aided by the activity of extension twinning. The basal texture in conventional alloys typically persists after recovery and recrystallization heat treatment and strengthens during subsequent grain growth [3] [4] [5] .
A strong basal texture is highly detrimental to formability because the grain orientations are unfavorable for the easiest deformation mode, basal slip. Gehrmann et al. have reported that materials with a strong basal texture are more susceptible to strain localization and the formation of shear bands [6] . Another study on strongly textured polycrystals mechanically tested in various orientations revealed the striking plastic anisotropy that results from strong basal textures [7] . Numerous studies have also noted that increasing peak intensity of the basal pole figure is correlated with reduced formability [8] [9] [10] [11] . The planar anisotropy of the basal pole (asymmetry of the basal peak) figure common in textured magnesium materials has also been noted, though its effects on forming behavior have not been fully explored [12, 13] .
In addition, forming behavior is sensitive to relative deformation mode activity; it will be especially sensitive to twin mode activity because twinning not only accommodates deformation, but also contributes to plastic anisotropy and accelerates texture evolution by reorienting the crystal. Modification of the relative activity of the extension twin commonly observed in magnesium alloys has been reported both due to changes in alloying and grain size. In particular, rare earth alloy additions have been reported to greatly strengthen the extension twinning mode as well as activating other twin modes [14] [15] [16] [17] [18] . Additionally, decreasing grain size has been reported to very strongly inhibit tensile twinning [19] [20] [21] or to coincide with a transition to slip dominated flow [22] [23] [24] . However, the role of twin mode strength in determining formability remains unclear due to the complex interdependence of alloying, microstructural features, and deformation mode activity.
Experimental investigation of formability in magnesium alloys has generally relied on the measurement of r-values, also known as Lankford coefficients. The r-values are defined as the ratio between the strains in the width and thickness directions after a tensile test to a pre-defined strain threshold [25] . This ratio is calculated for three or more specimen orientations in the sheet plane, usually with the tensile axis angled by 0
• , 45
• , and 90
• from the rolling direction. An average r-value, r, can be calculated as: Correlation between Erichsen biaxial stretch test maximum dome height and the value of r. Data obtained from the literature [27] [28] [29] [30] [31] [32] [33] [34] [35] . Plot adapted from Berman et al. [10] .
A survey of the available literature for magnesium alloys, adapted from Ref. [10] and shown in Figure 1, shows that r has a negative linear correlation with the maximum dome height achieved in a standard Erichsen biaxial stretch test, indicating that r is a valid indicator of room temperature formability. Values of r greater than 3.0 are common in commercial Mg alloys [7, 26] , but the best forming behavior is observed in alloys that have r values near 1.0.
While the detrimental effect of strong basal textures on r-values is well-established, the influence of other texture characteristics commonly produced by magnesium processing paths has not been systematically examined. This is due, at least in part, to the inability to experimentally vary texture independent of other parameters important to formability [11, 36] . In addition to texture, r-values have been demonstrated to be sensitive to grain shape [37, 38] , grain size [36, 39] , second phase particles [40] , and dislocation content [41] . Each of these microstructural features can have interactive effects with crystallographic texture during thermomechanical processing. Polycrystal plasticity simulations offer the opportunity to isolate particular texture characteristics or deformation mode activities while guaranteeing that all other material and deformation parameters are held constant.
A number of researchers have utilized polycrystal plasticity tools to examine formability. Forming limit diagrams have been computed using several different polycrystal frameworks in cubic metals (e.g. [38, 42, 43] ) and in hcp alloys, including Mg [44] [45] [46] . In particular, Wang et al. [44] found significantly improved 3 formability with decreasing basal peak strength by simulating forming tests on the same texture in different orientations. Additionally, Neil et al. [46] compared the formability of magnesium having a random texture with material having an experimentally measured rolling texture, again highlighting the importance of weak intensity of the basal peak for enhancement of formability. Others have used polycrystal plasticity models to calculate r-values, either using the ratio of instantaneous width and thickness strain rates at yield [47] or the more conventional ratio of width and thickness strains after a fixed amount of deformation [13, 26] . In particular, Agnew et al. [13, 26] have examined possible sources of plastic anisotropy of magnesium alloy sheet, concluding that the anisotropy is largely attributable to the texture.
In this work, the viscoplastic self-consistent (VPSC) framework developed by Lebensohn and Tomé [47, 48] is used to simulate uniaxial tension tests at room temperature, and the effect of various textures and twin mode strengths are considered. To examine the effect of varied texture characteristics, the single crystal hardening parameters are held constant, with deformation behavior parameterized to emulate a fine-grained thixomolded and thermomechanically processed (TTMP) AZ61L magnesium alloy, as described in Ref.
[10]. The effect twin mode strength on deformation behavior is then considered for different starting textures.
For all examined textures and twin mode strengths, increased activation of prismatic slip corresponded to higher r-values, suggesting poorer forming behavior.
In the first section of this paper, VPSC r-values calculated via several different methods are compared to experimental values from TTMP AZ61L for validation of the technique. The second section examines synthetic textures to isolate texture characteristics common in rolled Mg alloys, namely basal peak intensity, symmetry of the prismatic plane distribution, and basal peak symmetry. In the third section of the paper, the changes in deformation behavior with varied strength of the extension twinning mode are examined. The changes in stress-strain behavior, slip system activity, and r-value indicators of formability are presented.
These results are then discussed in the context of the relative importance of each deformation mode for formability, particularly prismatic slip.
Experimental and Simulation Procedures

Experimental Material Used for Parameterization
The material used in this study to parameterize the VPSC model is thixomolded and thermomechanically processed (TTMP) AZ61L, which was part of a larger study on microstructural evolution during processing [10] . The key aspects relevant to this study are described here. The AZ61L alloy was thixomolded into 3mm thick plates by nanoMAG, LLC utilizing molding parameters that result in a solid fraction of less than 5%. These plates were then preheated for 5 minutes at 588K
(315 • C) and warm rolled (roll temperature approximately 473K (200 • C)) to a 40% reduction in thickness in a single pass. The rolled sheets were allowed to air-cool to the ambient temperature. Dogbone tensile specimens (subsize specimen designation in ASTM E8/E8M-11) were machined from the sheet with the tensile axes along both the rolling direction, transverse direction, and inclined by 45
• to the RD in the sheet plane.
The machined specimens were heat treated for 10 minutes at 558K (285 • C), resulting in a fine-grained recrystallized structure [49] as shown in Figure 2 . After heat treatment, the α-Mg grain size is 3.1µm, and the volume fraction of the β-Mg 17 Al 12 is 5% [10] .
The heat-treated dogbone specimens were tensile tested at room temperature using an Instron 5505B load frame. The tests were conducted at a constant crosshead speed of 0.01mm/s, which is equivalent to an initial strain rate of 4 × 10 −4 s −1 , to a total plastic strain of 10% to calculate the r-values.
Metallographic specimens for secondary electron microscopy and electron backscatter diffraction (EBSD)
were prepared from the sheet midplane using standard techniques, with 1µm diamond paste as the final polishing step. During all polishing steps, MetaDi fluid was used as a lubricant. Specimens for secondary electron imaging were etched for 3s with a solution containing 10mL water, 10mL acetic acid, 4.3g picric acid, and 70mL ethanol. Samples used for EBSD were instead etched with a solution containing 60mL ethanol, 20mL water, 15mL glacial acetic acid, and 5mL of nitric acid held at 5
• C. Texture measurements were performed via EBSD on scan areas sampling approximately 10,000 grains. 
VPSC Simulation and Parameterization
Simulations of the plastic response of these initially textured materials were conducted using the viscoplastic self-consistent approach [47] . Within this framework each grain is considered as an Eshelby-type inclusion in a homogeneous effective medium with properties of the aggregate polycrystal. A macroscopic deformation is imposed and shear rates are calculated on the relevant slip or twinning systems for each grain.
These shear rates are used to calculate crystallographic texture evolution, grain-scale hardening, slip activity, macroscopic stress-strain behavior, and r-values. All simulated mechanical tests in this work are uniaxial tension tests along the stated material direction at a strain rate of 10
An extended Voce law is used to describe the hardening behavior of each slip or twinning system, where the critical resolved shear on system s after strain Γ is given by:
[51] in which the τ system. The τ 0 parameter can be considered an effective initial critical resolved shear stress. Twinning is captured using the Predominant Twin Reorientation scheme proposed by Tomé et al. [52] . This twinning scheme is a Schmid-type law that accounts for the directionality of twinning and also accounts for the effect of twin activity on texture. Reorientation occurs when twinning contributes 10% of the strain in a given grain.
Hardening parameters for each deformation mode were selected to reproduce the hardening behavior of thixomolded AZ61L after rolling and complete recrystallization at 285
• C, as presented in Reference [10] . A 6 comparison of simulated and experimental tensile tests along the sheet rolling direction (RD) and transverse direction (TD) are shown in Figure 3 . The Voce hardening parameters are presented in Table 1 . Basal, prismatic, pyramidal, and extension twinning deformation modes are allowed. These hardening parameters were originally used in the VPSC simulations in Ref. [50] . The experimentally observed plastic anisotropy is reproduced in the RD vs TD, as evidenced by the good matching between the VPSC and experimental stress-strain curves. In addition, two other τ 0 values were examined for the extension twin mode, as shown in Table 1 . The values were selected based on the basal:twin CRSS ratios reported in the literature, which is discussed further in Section 4.1.
The experimental and simulated texture evolution after 10% tensile strain tested along the (RD) and (TD) is presented in Figure 4 . During uniaxial tension along the RD, in both the simulation and experiment the basal poles spread toward the sheet TD, while the prismatic poles align along the RD. Conversely, during tension along the sheet TD, the basal poles align with the RD while the prismatic poles preferentially align with the loading direction. In both cases, the VPSC model over-predicts texture evolution; this effect is common and has been discussed elsewhere in the literature [53] [54] [55] [56] [57] . Overall, the good qualitative match in texture evolution suggests that the model is adequately capturing the balance of active deformation mechanisms. This is further verified by the excellent match between the experimentally determined and VPSC simulated r-values presented in Figure 5 . The simulated r-values are calculated as the ratio of accumulated width and thickness strains after a simulated tensile test to 10% elongation (i.e. in a manner identical to the experimental procedure). These hardening parameters are used for all other VPSC simulations presented in Section 3.1. The experimentally-verified hardening parameters for slip are also used in Section 3.2, while the twin mode strength is varied. 
Synthetic Texture Generation
Synthetic textures were generated for analysis using DREAM.3D Version 5.2 and the Stats Generator auxiliary tool [58] . First, Stats Generator was used to define the target texture and create a starting DREAM.3D data file. A DREAM.3D pipeline that uses the target statistics output by Stats Generator is presented in Table 2 . Note that this pipeline generates complete three-dimensional microstructures, including information such as grain neighbors, shapes, and size distribution, appropriate for a more rigorous (but computationally costly) crystal plasticity finite element modeling approach. Only the weighted grain orientations were used for the VPSC simulation in this work.
The synthetic volume created was a cube 150 voxels on edge, with a voxel spacing of 0.5µm in all di- rections. This resulted in volumes containing more than 30,000 grains. The MTEX texture analysis toolbox for Matlab [59] was used to import the DREAM.3D-output text files as orientation density functions (ODFs) and output VPSC texture files with 10,000 grains.
In Section 3.1, various texture characteristics, namely basal peak intensity, symmetry of the prismatic plane distribution, and basal peak symmetry are isolated and systematically varied to examine their effects on formability. For each texture characteristic, two to three textures are generated and VPSC was used to simulate tensile tests at a constant strain rate of 10 −3 /s using the single crystal hardening parameters described in Section 2.2. In Section 3.2, the effect of varied strength of the extension twinning mode on r-value behavior is examined while leaving the CRSS values for slip constant. In both sections, the changes in stress-strain response, relative slip activity, r-values, and r evolution with strain are reported.
Results
Varied Texture Characteristics
Basal Peak Strength
First, the effect of varied basal peak intensity on formability was isolated for the fine grain size described in Table 1 . Three relatively strong basal textures were compared, as shown in Figure 6 . The differences in deformation behavior are shown in Figure 7 . As shown in the stress-strain curves in Figure 7 , deformation along the RD and TD is very similar due to the single symmetrical peak in the basal pole figure. Slight differences are observed, particularly above approximately 8% tensile strain, due to the sixfold symmetry of the prismatic pole figure. 
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The texture evolution during uniaxial tension to 20% elongation is presented in Figure 6 . The initial textures, deformed textures, and pole figure difference plots are shown. For all three basal textures, the peak intensity of the basal pole figure slightly decreased during deformation, while the maximum value of the prismatic pole figure increased. The pole figure difference plots show that the basal poles spread toward the TD during deformation and the basal peak starts to split toward the RD. The spreading of the basal peak is more pronounced for weaker basal textures. The strengthening of the sixfold symmetry of the prism pole figure is most pronounced for the strongest basal texture.
This texture evolution is reflected by the deformation mode activity, shown in insets in the stress-strain curves in Figure 7 . Deformation during tension was dominated by a combination of basal and prismatic glide for all three basal textures, with some activation of pyramidal slip. The weakest basal texture also allowed for the activation of some tensile twinning during deformation, accounting for approximately 7%
of deformation at yield. The primary effect of decreasing basal peak intensity is an increasing dominance of basal slip. Grains with perfectly basal orientations (c-axes parallel to the sheet normal direction) have a Schmid factor equal to zero for basal slip, so the harder prismatic slip mode must be active. This reliance on prismatic slip also accounts for the observed difference in macroscopic yield strength.
Strong variations in both the r-values and their evolution with strain were also predicted, as shown in Figure 7 . The r-values increased with basal peak strength and remained approximately constant within the sheet plane. The stronger basal textures also underwent greater increases in r during straining. Figure 8 shows the effect of varied in-plane anisotropy on deformation behavior. The textures shown in Figure 9 vary in the amount of spread in the distribution of the c-axes toward the sheet transverse direction while maintaining a nearly constant basal peak intensity. Similar differences in texture are observed after deformation with varied fractions of intermetallic particles [60] .
Varied Planar Anisotropy
As shown in Figure 8 , varied in-plane anisotropy results in minimal changes in tensile behavior along the rolling direction. Small differences in slip activity are present, with increasing planar anisotropy resulting in increased prismatic and pyramidal slip activity. Basal slip activity is slightly decreased, and no extension twinning is observed in any of the textures when loaded in tension along the rolling direction.
Preferred orientation of the in-plane c-axes results in anisotropy of the deformation behavior, particularly slip system activity. The change in yield strength is small, with increased anisotropy of the basal peak increasing the yield strength along the RD and decreasing it along the TD. This is a result of the dramatically increased activation of tension twins during TD strain with increasing anisotropy. When the texture has low 12 TD spread and twinning is unavailable, additional prismatic slip accommodates strain in TD tension.
The varied planar anisotropy has only small effects on the measures of formability considered here in comparison to basal peak strength, with increased planar anisotropy resulting in slightly increased average r-values. For all three conditions, the r-values are between 1.0 and 2.0 for all in-plane orientations, resulting in r values near 1.5.
Varied Prismatic Symmetry
The effect of sixfold symmetry in the prismatic pole figure on forming behavior is also considered. This sixfold symmetry occurs after deformation pathways where prismatic slip plays a strong role [10] and has also been reported after recrystallization and grain growth [3, 5] . However, the implications for forming behavior have not been discussed in detail. Two strong basal textures of approximately equal strength, shown in Figure 10 , compare the cases of strong sixfold prism symmetry with an approximately isotropic in-plane distribution of a-axis directions (radial isotropy).
Minimal differences in deformation behavior are observed between the two textures. As shown in Figure   11 , the stress-strain behavior of the two textures is nearly identical, with the predicted strengths varying by less than 3MPa after 20% tensile elongation in both the RD and TD configurations. This slight variation in flow stress is similar to that observed at high strains in the basal textures discussed in Section 3.1.1. The slip activity is nearly identical for both cases. The texture evolution, shown in Figure 10 , is similar to the basal texture described in Section 3.1.1 with weakening of the basal peak and strengthening of the sixfold symmetry of the prismatic pole figure.
After 10% elongation, the r-values for both textures were high and approximately constant for all inplane orientations tested, falling between 4.0 and 4.5. These r-values are similar to the strong singly peaked basal texture discussed in the previous section where prismatic slip is dominant, as shown in the Figure 11 insets. Consequently, the r evolution with strain is very similar for both considered textures.
Varied Twin Strength
In this section, the initial strength of the extension twin mode was varied while the CRSS values for slip remained constant. The resulting changes in deformation behavior were examined for each of the preceding textures.
Weak Basal Texture with Varied Twin Strength
The deformation behavior of a weak basal texture with varied twin strength is shown in Figure 12 .
Similar to the basal textures in Section 3.1.1, the stress-strain curves and slip activity along the RD and TD are nearly identical due to the symmetry of the basal peak. At tensile yield, the material with easiest twin activation has the lowest flow stress due to the twin activity; the material with increased CRSS for twinning has a higher flow stress because it must rely on the harder prismatic slip mode to accommodate deformation at and shortly after yield.
The starting texture, deformed textures, and pole figure difference plots as a function of twin strength are presented in Figure 13 for a uniaxial tension test along the sheet TD to a strain of 20%. All three textures undergo basal peak spreading toward the TD and basal peak splitting toward the RD. Additionally, all three twin strengths exhibit strengthening of the sixfold symmetry of the prismatic pole figure, with the prism pole preferentially aligning toward the RD. The differences in texture evolution with the varied twin strength are subtle, but easier twin activation resulted in more basal poles aligned with the sheet TD as a result of the associated crystallographic reorientations.
Twinning is exhausted after less than 10% strain. Because twinning from TD tilt orientations reorients the crystal so that prismatic slip is favorable, a sharp increase in this slip mode is observed as twin activity diminishes for the intermediate and weak twin strengths. Prismatic slip plateaus at approximately 0.6 relative mode activity. A more gradual increase in prismatic slip activity and a lower plateau value in the absence of extension twinning is observed for the material with the highest CRSS for twinning. Decreased overall twin activity is also correlated with increased basal slip activity.
For this weak basal texture, all three twin strengths result in r-values after 10% strain near 1.0 for all orientations within the sheet plane. Increased difficulty of twinning is correlated with lower r-values, suggesting improved formability. The values of r increase with strain for all twin strengths, but increase more rapidly with easier twin activation.
Planar Anisotropy with Varied Twin Strength
The deformation behavior for a material with a strongly anisotropic basal peak is shown in Figure 14 for the three considered CRSS values for extension twinning. In tension along the RD, the narrow spread of the c-axes orientations inhibits twin activity. As such, the deformation of all three twin strengths is nearly identical in this orientation. When straining in tension along the TD, the broader spread in c-axis orientation among the grains exaggerates the effects observed for the weak basal texture discussed in Section 3.2.1.
With greater propensity for twinning, the flow stress at yield decreases, but increases rapidly as twinning is exhausted, resulting in an ultimately higher flow stress for strains greater than 8%.
The texture evolution for uniaxial tension along the TD to a strain of 20% as a function of twin strength is shown in Figure 15 . TD spreading and RD splitting of the basal peak is observed, qualitatively similar to the evolution described in Section 3.2.1. However, the basal peaks remain stronger during deformation, with a lesser amount of TD spreading occurring than in the preceding section. The trend of easy twin activation promoting the retention of TD spread remains.
The r-values for all orientations in the sheet plane increase with easier twin activation, but the variation of r-value decreases for easy twinning. The r-values of easily twinned material also evolve more rapidly with strain than material with more difficult twin activation. Both of these effects can be attributed to the rapid texture evolution caused by twinning, in comparison to the slower texture evolution in the presence of slip alone.
Prismatic Plane Radial Isotropy with Varied Twin Strength
Simulations were performed for the three considered twin strengths for a basal texture with a radially isotropic prism plane distribution. These results did not differ substantially from the results of the basal texture with sixfold symmetry in the prism plane distribution discussed in Section 3.2.1; therefore, they will not be presented here.
Discussion
A VPSC polycrystal plasticity simulation was used to evaluate r-value indicators of formability as a function of texture for an AZ61L magnesium alloy. The Voce hardening parameters used in the model were selected such that the hardening parameters match the in-plane plastic anisotropy, qualitative texture evolution, and experimental r-values of AZ61L sheet. Using the parameterized model, the effects of basal peak strength and symmetry, as well as prismatic plane distribution on deformation behavior was examined.
Based on this analysis, basal peak strength has the strongest effect on forming behavior by a wide margin, with the other texture characteristics having only minor effects. Additionally, the effect of strength of the extension twinning deformation mode on forming behavior is evaluated by varying the CRSS for twinning while keeping the hardening parameters for all other deformation modes constant. For all examined textures, more tensile twinning resulted in increased simulated r-values, suggesting reduced formability.
For both symmetrical and asymmetrical basal peaks, easy twin activation at and shortly after tensile yield is replaced by prismatic slip as twinning is exhausted. Conversely, in the absence of twinning, greater basal slip is observed. Increased basal slip and decreased reliance on prismatic slip correlates with lower r-values, indicating improved formability.
Critical Resolved Shear Stress (CRSS) Ratios
The selection of appropriate CRSS values for each deformation mode is a critical step in polycrystal plasticity simulations because the ratio of CRSS values for each mode determine the relative activity of deformation modes, which in turn determines texture evolution and macroscopic shape change. The r-value measures of formability measured in this study are a direct result of the macroscopic shape change, and will be dependent on the CRSS ratios. The observed ratios will depend on the true CRSS ratios, as well as other factors including grain size and shape or the presence of intermetallic particles [61] [62] [63] [64] . Additional variation will result from the methods employed for determining the CRSS values.
In conventional magnesium alloys, the reported ratios depend much more sensitively on the measurement method than on the specific alloy. Some early single crystal studies reported basal:prismatic CRSS ratios approaching 1:100, even under constrained (plane strain compression) loading conditions designed to promote non-basal slip [65] . More recent polycrystal work has suggested ratios in the range of 1:1.1 to 1:8.
Various reported ratios from the literature are presented in Table 3 . The ratio used in this study, 1:2.6, falls within the reported range for polycrystal studies. 
Texture and r-value behavior
For all of the examined texture characteristics, the predicted r-values correlated strongly with the activity of prismatic slip. As discussed by Koike et al. [69] , in the context of a tensile test of a sheet with a basal texture, width strains are primarily accommodated by prismatic slip while thickness strains are accommodated by pyramidal and to a lesser extent by basal slip. As such, high r-values-and the associated poor formability-result from large amounts of prismatic slip relative to the activity of other deformation modes.
The tradeoff between prismatic slip and basal slip is almost entirely determined by the basal pole tilt (angle between the grain c-axis and the sheet normal direction). This geometric tradeoff is the underlying reason for the strong sensitivity of r-value to the peak intensity in the basal pole figure and the dominance of this effect over those arising from the prismatic pole distribution or asymmetry of the basal peak shape.
The determined CRSS ratios directly impact the amount of basal pole tilt required for the Schmid factor for basal slip to equal that of prismatic slip. As discussed in the previous section, the CRSS ratio has reported to be grain size dependent [61] [62] [63] [64] , so the sensitivity of forming behavior to basal peak intensity may also be a function of grain size. The present results were parameterized based on fine-grained material, which other authors have correlated with enhancement of ductile behavior [10, 61, 68, 73, 74] . For more conventionally produced coarse grained material, the sensitivity to the strength of the basal peak may be even greater.
This insensitivity to the in-plane orientation of prismatic planes is in contrast to the results of the single crystal experiments performed by Kelley and Hosford [75] . That study examined the deformation behavior of Mg-4wt%Li in plane strain compression with the compression axis parallel to 1010 versus 1210 and constraint along the c-axis, both configurations to promote prismatic slip. They found that the differences in a-axis orientation resulted in substantially different strain hardening behavior as a result of differences in geometric hardening caused by the lattice rotation during deformation. In the present polycrystal work, these differences in geometric hardening behavior are not observed, likely because of the effect of averaging over 10,000 grains. Comparison with the later polycrystal results of Kelley and Hosford [12] is not possible because the authors only report the basal pole figures.
To summarize, the effect of texture on forming behavior is dominated by the strength of the basal peak, with the distribution of prismatic planes and basal peak symmetry having comparatively weak effects. Textures with high basal intensity deform with large amounts of prismatic slip, resulting in high r-values and poor forming behavior. The effects of prismatic plane distribution are largely averaged out by polycrystal effects. While asymmetry of the basal peak does result in differences in forming behavior, the strength of the peak remains the strongest effect.
Twin mode strength and r-value behavior
Changing the CRSS required for extension twinning produced substantial differences in predicted forma- In fine-grained materials (d<10µm) with enhanced formability, some authors have attributed the enhancement to the activation of non-basal slip systems due to grain boundary constraint (e.g. [18, 26, 68] ).
Many of these studies have relied on transmission electron microscopy (TEM) studies of deformation mode activity performed at low strains. However, the fine grain size in these studies may also be inhibiting the activity of extension twinning [19-24, 64, 76, 77] . The simulations in the present work suggest that finegrained material with reduced twin activity would exhibit enhanced non-basal (prismatic) slip at low strains considered in most TEM investigations. However, the increase in prismatic slip is not the underlying reason for enhanced formability. In the current study, the lower r-values with inhibited twinning are the result of the continuing availability of basal slip as strain increases, instead of the rapid transition to dominant prismatic slip necessary when twinning is exhausted. This effect would be challenging to identify via TEM due to the difficulty of imaging highly deformed material.
An additional strategy to strengthen the extension twinning mode is via alloying additions. Non-RE alloy additions are generally reported to be relatively ineffective in strengthening extension twinning relative to other deformation modes [15, 61] . Conversely, rare earth additions, particularly highly-soluble additions such as Y and Gd, have been reported to dramatically strengthen the extension twin relative to other deformation modes [14, 15, 78] . However, RE additions are also commonly reported to alter the activation of other twin modes, including compression and double twins [14, 17, 18] . Further analysis would be required to isolate the favorability of the activity of these twin types, which is beyond the scope of this work.
The importance of prismatic slip activity
The results of this work strongly suggest that poor formability, as predicted by high simulated r-values, is correlated with strong activity of prismatic slip after intermediate and high strains. However, the desirability of prismatic slip for forming behavior is disputed in the literature. This is largely because magnesium material that exhibits high elongation to failure in uniaxial tensile tests does not necessarily exhibit good formability [26] .
Alloying and thermomechanical processing may be used to alter the balance between deformation modes, tailoring the mechanical properties. Many common solute strengthening additions for magnesium alloys, including Al and Zn, are reported to soften prismatic slip while hardening against basal slip, effectively reducing the basal:prismatic CRSS ratio [61, 70, 71, 79] . The present results show that this solute effect may or may not be desirable, depending on the propensity for twinning of the material. Above the solubility limit, different alloying elements will form precipitates of different morphologies [2] (e.g. plates on prismatic versus basal planes or c-axis rods). These precipitate morphologies have different strengthening effects on each deformation mode based on their likelihood of interaction with particular types of dislocations or twins [80, 81] . Additionally, both solute and precipitate strengthening effects will be temperature sensitive; however, examining the temperature sensitivity is beyond the scope of this work.
The presence or absence of prismatic dislocations during and following deformation may have additional implications for recrystallization behavior. Dogan et al. [82] report that greater prismatic slip activity is observed in AZ31 material that resists shear band formation during equal channel angular pressing, in comparison to material where profuse twinning leads to dynamic recrystallization, which in turn leads to shear band formation. These authors suggest, therefore, that prismatic slip is a desirable alternative to profuse twinning under these conditions. Hadorn et al. [83] discuss the possibility that populations of dislocations on two orthogonal slip systems, such as basal and prismatic systems, may give subgrains additional degrees of rotational freedom during recrystallization, leading to weakening of the basal texture, which would in turn enhance formability. The effects of shear band formation and dynamic recrystallization would not be be captured by the VPSC model considered in this work.
Limiting factors for formability
As shown in Figure 1 , the limiting dome height in Erichsen tests decreases with increasing r. This trend has been previously noted in magnesium and is also observed in other hcp metals, including zirconium alloys [84] . This is surprising, because a high r value in steels and aluminum alloys indicates that sheet material resists thinning during deformation, indicating good deep drawing behavior [42, 85] . This discrepancy suggests that, at least in certain regimes, the limiting dome height of hcp materials is not necessarily determined by a plastic instability (i.e. excessive sheet thinning), but by the initiation of fracture processes when thinning is required. This is unsurprising in sheet material with a basal texture due to the often discussed unavailability of deformation mechanisms along the c-axis [2, 13, 26] . However, Kang et al. demonstrate a correlation between the work hardening exponent and the limiting dome height for a range of both RE and non-RE containing alloys [36] . This indicates that there is a second failure regime where plastic instability is the dominant factor.
The influence of microstructure and alloying on the trade off between fracture and plastic instability remains to be clarified; however, it has been demonstrated that stress triaxiality plays an important role in conventional alloys [86] [87] [88] . Other authors report a brittle to ductile transition with grain refinement [10, 89, 90] .
While coarse intermetallic particles have frequently been reported as failure initiation sites [86] , Berman et al. show no decrease in tensile ductility with intermetallic particle phase fraction for a relatively homogeneous dispersion of 1µm particles [10] . This study highlights indicators of a susceptibility to premature failure in the fracture-dominated regime as predicted by r-values. Additional work is needed to first understand the transition to the plastic instability-dominated regime and subsequently determine how alloying and processing can be optimized to favor this second regime.
Conclusions
A viscoplastic self-consistent (VPSC) polycrystal plasticity model has been utilized to isolate the effects of extension twin CRSS values and texture characteristics common in magnesium alloys on their formability, as measured by r-values. The VPSC model hardening parameters were selected using tensile data on thixomolded and thermomechanically processed AZ61L. These hardening parameters were used to simulate mechanical tests on simulated textures generated using DREAM.3D. In particular, the effects of basal peak intensity, distribution of prismatic plane directions, and symmetry of the basal peak are examined. The modeled results suggest the following:
• A properly parameterized VPSC model is able to predict r-value evolution, providing insight into potential forming behavior as a function of texture and twin strength.
• Of the texture characteristics considered in the present study, the basal peak intensity is the best predictor of r-value behavior.
• Increasing basal peak strength requires the activation of additional prismatic slip during deformation.
High prismatic slip activity results in large r-values and suggests poor formability.
• At constant basal peak strength, polycrystal tensile behavior is nearly insensitive to the effects of in-plane orientation of the prismatic planes and asymmetry of the peak in the basal pole figure.
• Lowering the CRSS for twinning results in larger r-values due to the rapid increase in prismatic slip activity as twinning reorients the crystal.
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